This paper presents a finite element model for analysing the behaviour of granular material wrapped with polyethylene bags under vertical compression and cyclic shearing. The simple Mohr-Coulomb model is used to represent the soil behaviour. The polyethylene bag is represented by a linear-elasticperfect-plastic model. The soil-bag interface is modelled with contact constraints. The main purpose of the numerical analysis is to validate the anticipated performance of soilbags under various loading conditions and hence the effectiveness of soilbags as a method of ground improvement.
Introduction
Soilbags or sandbags, ''Donow''s in Japanese, continue to be used to construct either temporary or permanent structures and are bags filled with granular materials like sand, crushed stone, or recycled concrete. Granular soils wrapped with bags exhibit the typical characteristics of cohesive-frictional materials [11] . The significant increase in the compression strength of these soilbags has encouraged geotechnical engineers to consider soilbags as a cheap, environmental friendly and convenient alternative for soil reinforcement. While the use of soilbags for temporary purposes has been established for a long time, their use in permanent construction works through quality-controlled soilbags (Solpack) is rather new.
Previous research on the application of solpacks have reported their use as reinforcement for increasing the bearing capacity of soft soil foundations [10, 11] , as damping layers for the vibration reduction transmitted from traffic loads [9] , as facings installed in front of geosynthetic-reinforced soil retaining walls [24] , and as ballast foundations of railway tracks for access roads in mountainous areas. More recently, soilbags, due to their significant compressive strength, have been used successfully to construct arch structures to support embankments [3] . Soilbags have already been used to reinforce truck roads in Nagoya City, Japan, with asphalt & concrete pavements or as reinforcement for soft building foundations to improve the bearing capacity of footings as well as to reduce traffic-induced vibrations [7, 10] . Other field applications include frost heave prevention [22] in the Hokkaido area, Japan.
The mechanical behaviour of a single soilbag under vertical compression has been investigated by Matsuoka et al. [11] who also proposed a simplified analytical model. The proposed method was validated through biaxial compression and unconfined compression tests. Several simplifying assumptions were considered in their analysis. These assumptions include cohesionless and weightless filling materials, plane strain condition, frictionless soil-bag interface, and unvarying thickness of the bag due to deformations. Other analytical assumptions also were also applied. For instance, the principal stress ratio of the soil is assumed to follow an exponential function; and the volumetric strain of the soilbag is neglected (based on experimental results).
Friction along the contact surfaces of bags, soilbags with different filling materials, and soilbags lying on different base materials has been experimentally investigated by means of a series of laboratory shear tests [9] . Average initial and peak frictional coefficients for various contact interfaces were obtained. The results show that frictional angle due to horizontal loading of soilbags is dependent on the grain size of the filling material as a result of local angularity. Maximum horizontal resistance of soilbags resting on top of other soilbags is shown to be directly proportional to the inclination angle of that soilbag. It is also illustrated that horizontal sliding resistance of soilbags could significantly be increased by bedding in concrete slabs between soilbags and rockfill base materials.
Yamamoto et al. [26] performed some large-deformation laboratory tests on soilbags filled with silica sand. In their studies they introduced an ''equivalent damping ratio'' which for the assembly of soilbags was much higher than those of both the concrete structures and steel structures by a ratio of 6 and 15, respectively.
Matsuoka and Liu [10] conducted small-deformation laboratory tests on solpacks in order to evaluate their vibration reduction potential along the vertical direction. As a result, layers of soilbags were suggested to be used as vibration absorbers in order to reduce traffic-induced vibrations.
Lohani et al. [6] investigated the effects of soilbag materials, backfill soil type, and number of soilbags on compression strength and shear strength in a soilbag-pile. It was concluded that the initial compaction of soilbags and preloading effectively decrease the creep deformation and favourably increase the initial stiffness of the bags. In addition, results of lateral shear tests revealed that the shear strength of a soilbag pile is substantially smaller compared to its compression strength. Low initial stiffness of virgin soilbags during relatively small compression is introduced as one drawback of soilbag-piles. Subsequently, Matsushima et al. [13] showed that a pile of soilbags is much less stable when sheared laterally than when compressed vertically.
Although numerous studies related to field and laboratory tests on soilbags can be found in the literature, numerical studies of soilbags under different loading circumstances are relatively scarce. This is in part due to the complexities arising from simulating the real geometry of a soilbag plus imposing real soilbag assembly constraints. Nonetheless, numerical analysis can be used to validate the anticipated behaviour of soilbags under complex loading conditions.
In [15] , a numerical analysis of the ground reinforced by soilbags has been conducted by applying an elasto-plastic finite element analysis (FEA). The soilbags in the ground are represented by truss elements. Finite deformation is considered in the analysis due to the occurrence of large deformations in the model tests. The numerical results show good agreement with two-dimensional model tests on aluminium rods, both qualitatively and quantitatively. Muramatsu et al. [16] further evaluated the damping effects of soilbags against vibration via numerical simulation. Again, soilbags are represented by truss elements. The model proposed by Nakai and Hinokio [17] was used to represent the soil behaviour. The simulated results seem to verify the effectiveness of soilbags as a vibration damping material. More recently, Tantono and Bauer [23] conducted numerical analysis of a sandbag under vertical compression. They used a hypoplastic model to represent the sand in the bag and a linear-elastic-perfect-plastic model for the bag. The bag is modelled with membrane elements. Frictionless and interlocked interfaces between soil and bag have been considered and the evolution of the tensile force within the bag has been investigated for both scenarios. The numerical results seem to verify the behaviour of soilbags under compression.
In this study, a finite element model is presented for analysing the behaviour of granular material wrapped with polyethylene bags under vertical compression and cyclic shearing. Numerical results are compared with the simplified analytical solutions to assess the compression capacity of soilbags under vertical loads. The energy dissipation potential of soilbags under cyclic shearing is also investigated.
Finite element model for soilbag
The behaviour of frictional soil is represented by a non-associated Mohr-Coulomb model. More advanced models could have been used. However, the main purpose of the analysis here is to study the behaviour of a soil-bag assemblage. It is deemed beneficial to investigate what can be achieved with a simple and perhaps most commonly used soil model. The Mohr-Coulomb model has a rounded yield surface on the deviatoric plane using the M(h) method [2, 19] . Again, more advanced models such as the Matsuoka and Nakai [12] or the Lade and Duncan [4] models could be used, but would not lead to significant difference in the numerical results. The Mohr-Coulomb model is implemented in the commercial FEM code ABAQUS and it is a matter of convenience to use this model to represent the behaviour of the frictional material. The bag material is modelled using a linearelastic-perfect-plastic von Mises model.
Soil-bag interface
One difficulty in simulating real behaviour is that loads applied to the assembly of a soilbag have to be transferred between soil and bag primarily through contact of surfaces. One possible solution to this intricate loading condition is to use interface or joint elements where a normal and tangential stiffness are used to model the pressure transfer and friction at the interfaces. Such elements can have a very small or even zero thickness, but cannot be used for large interfacial displacements or surface separation and reclosure.
An alternative approach for modelling interfacial contact problems between two solid bodies is to use contact kinematic constraints which take into account nonlinearities due to large deformations, surface separation and reclosure. The application of contact elements for geomechanics problems is described in further detail in Sheng et al. [20, 21] .
In the finite element analysis in this paper, contact elements are used to model the soil-bag interaction. The simple Coulomb friction law is used to define the friction between the soil and the bag:
where g t is the relative displacement in the tangential direction at the interface, t T is the tangential stress at contact, and l is the coefficient of friction.
Normal forces at contacts are transferred via a simple constraint:
where g N is the relative displacement in the normal direction (or the normal gap), and t N is the normal stress at the contact.
The normal and tangential gaps are computed from the displacements. The normal and tangential stresses are then related to the normal and tangential gaps, respectively, via the penalty method [25] . The only parameter involved in the contact constraints is the interfacial friction l.
Finite element code
There are several commercial packages that can be used to analyse large deformation contact mechanics problems. ABAQUS is one of these codes and it has some reasonable constitutive models for geomaterials. Sheng et al. [18] used 'ABAQUS' to simulate the installation and loading of displacement piles. The corresponding numerical results have been compared with measured values from centrifuge tests. Merifield et al. [14] reported the results of finite element analyses of shallowly embedded pipelines under vertical and horizontal load using 'ABAQUS'.
The problem mainly focuses on the evolution of stress and deformation in a soilbag assembly under monotonic vertical loading and cyclic shear loading conditions. Numerical analyses are carried out for both two-dimensional (2D) and three-dimensional (3D) models. A 3D analysis was necessary in order to model the thin surface of the wrapping material with membrane elements. Both models take into account the contact boundary conditions at the soil-bag interface. Accordingly, large frictional sliding, surface separation and reclosure at the soil-bag interfaces are permitted.
Ordinary polyethylene (PE) bags are considered. In the first scenario, the soilbag is subjected to an unconfined vertical compression while the second scenario deals with the cyclic horizontal shearing of a soilbag.
The wrapping PE material has an initial thickness of 0.1 mm. It is considered as a linear-elastic-perfect-plastic material with the following properties: Young's modulus (E) of 500 MPa, Poisson's ratio (t) of 0.3, yield stress (r y ) of 100 MPa. These values are typical for PE bag materials according to Matsuoka and Liu (2006) .
The granular material was modelled as a non-associated MohrCoulomb material with Young's modulus (E) of 100 MPa, Poisson's ratio (t) of 0.3, internal friction angle of 40°, dilation angle of 5-15°, and cohesion (c) of 1 kPa. These material properties are typical for dense sands or gravels [5] . The small cohesion is used to avoid numerical instability.
The friction coefficient between the soil and the bag is assumed to be 0.84, which is equivalent to the internal friction angle of the soil (tan 40°= 0.84). The bag and the soil are allowed to separate whenever the contact normal stress becomes negative (tension).
FE Mesh for soilbag under compression
Three-dimensional and two-dimensional numerical simulation of an 80 cm Â 40 cm Â 10 cm soilbag under unconfined vertical compression is carried out in order to study the behaviour of the soilbag under a vertical compressive load. To minimize the calculation times, the symmetrical geometry of the soilbag is used and accordingly, only a quarter of the soilbag is modelled. The finite element meshes for the assembly of a soilbag are shown in Fig. 1 . The assembly consists of a rigid loading panel, the wrapping bag and the soil inside (Fig. 2) . The rigid loading panel is used to ensure that the top surface of the soilbag remains flat during the loading process. A uniform vertical displacement is applied to the loading panel over a number of increments. The width of the loading panel is sufficiently large so that the soilbag will not be squeezed out of the loading panel even after large deformation.
In the three-dimensional model, the bag and the soil are discretised into uniformly distributed elements. The soil is represented by 8-noded linear 3D elements (C3D8), whilst the bag by 4-noded quadrilateral membrane (M3D4) elements. The main characteristics associated with the plane stress membrane elements are the insignificant bending and transverse shear stiffness. The loading panel is assumed to be a rigid body and meshed accordingly. Fig. 2 illustrates the parts required in the assembly of a soilbag.
In the 2D model, 4-node plane strain quadrilateral elements (CPE4) are used both for the soil and the bag. The elements for the soil are refined as approaching the soil-bag interface as shown in Fig. 1b . The elements for the bag are very fine, due to the small thickness (0.1 mm) of the bag.
For the problem presented, two distinct contact interfaces are defined to model the soil/bag and bag/loading panel interactions: the soil/bag interface is modelled using the surface-to-surface finite-sliding formulation with the concept of master surface (soil) and slave surface (bag), and the bag/loading panel interface is modelled via node-to-surface finite-sliding formulation using master (loading panel)/slave (bag) approach as formulated in ABAQUS. The master and slave surfaces are defined as shown in Fig. 3 .
The elements in the soil and bag domain that are initially in contact are defined as interacting surfaces. However, for the loading panel/bag contact, those nodes with the possibility of contact during the analysis are selected as interacting node regions. This allows the possibility of elements on the bag surface coming into contact with the loading panel as the analysis progresses. For soil/bag contact interaction using a surface to surface discretisation method, an automatic smoothing is applied to contacting surfaces in order to reduce inaccuracies in contact pressures caused by mesh discretisation on curved geometries of a soilbag with lateral boundaries. Details of interacting surfaces are presented in Table 1 .
The contact between the bag and the loading panel also follows the Coulomb friction law with a coefficient of friction of 0.5. In order to establish a uniform loading condition throughout the analysis, no surface separation is allowed during loading steps (see Table 2 -4) .
The numerical analysis is carried out in two individual steps. The first step of the analysis establishes the initial contacts between the loading panel and the bag and between the bag and the soil. The vertical compression is applied during the second step.
The soil is assumed weightless throughout the numerical simulation. The boundary conditions are shown in Fig. 3 . Because the problem involves various nonlinearities (material, boundary conditions and large deformation), numerical convergence is a challenge and very fine time steps have to be used.
FE Mesh for soilbag under cyclic shearing
In this part, an 80 cm Â 40 cm Â 10 cm soilbag is subjected to cyclic simple shear and its mechanical behaviour is investigated through two-and three-dimensional numerical simulation. Assuming the mid-plane of the soilbag remains stationary during the shear test, we consider half of the soilbag. The geometry and finite element meshes are shown in Fig. 4 . Mesh and element type assigned to the two-and three-dimensional model for this scenario is very similar to those of the case of a vertical compression (Fig. 2a) , with the soil represented by 8-noded linear elements and bag by 4-noded membrane elements. Since the soil has a small dilation angle and its volume may increase to some extent during the shear test, quadratic elements are used here instead of linear elements. Quadratic elements are generally considered to be better Fig. 1 . Initial geometry and finite element mesh of the soilbag assembly.
than linear elements for incompressible or dilatant materials, even though numerical tests for the problem studied here show very little difference in the results. Cyclic horizontal displacement is applied to the loading panel over a number of increments.
The analysis is carried out in three steps: the first step to establish the contact interactions between interfaces, the second step to apply a monotonic vertical compression on the load panel and the third step to apply cyclic horizontal displacements to the loading panel while the vertical load is maintained throughout the analysis. To ensure the shear is applied to the soilbag, a relatively high coefficient of friction between the loading panel and the bag (l = 0.99) is used.
The boundary conditions for the cyclic simple shear test are similar to those shown in Fig. 3 , except that the horizontal movement at Fig. 3) is not allowed during the last step. A surface-to-surface finite sliding master/slave contact is chosen to define the soil/bag interface. In this simulation, a 'path-based' tracking algorithm has to be considered to model the membrane with double-sided contact surfaces. The 'path-based' tracking algorithm is the only algorithm that allows for double-sided master/slave contact surfaces [1] . The automatic smoothing is also enabled due to the semi-circular boundaries of the soilbag.
Numerical results

Mechanical behaviour of a soilbag under vertical compression
The numerical load-settlement relationship of a three-dimensional soilbag experiencing unconfined compression for (a) different soil types, and (b) different bag thickness are illustrated in Fig. 5 . As shown, a comparison between the compression behaviour of the granular material and the soilbag indicates a dramatic increase in the stiffness and the compression capacity of the assembly of soilbag (see Fig. 5 ).
Evolution of separation-reclosure of contact surfaces within a soilbag under vertical compression for a three-dimensional model is illustrated in Fig. 6 . It should be noted that the distribution of these contact surfaces partially depends on the discretisation characteristics such as mesh dimension and element type. Twodimensional numerical analysis of a soilbag subject to vertical compression load and cyclic simple shear load are also obtained which provide more convenient outputs to investigate local separation as well as evolution of stresses within the soilbag. Fig. 7 shows the evolution of the tensile force up to its limits within a bag with a thickness of 0.1 mm and a yield capacity of 100 MPa for a three-dimensional sandbag under vertical compression.
Comparison with analytical solution for a soilbag under vertical compression
An analytical solution to the problem of loading capacity of the sandbags under vertical compression is proposed in Matsuoka et al. [8] and Tantono and Bauer [23] . The analytical solution employed in here is similar to the solution of Tantono and Bauer [23] to evaluate the deformation characteristics of soilbags. This solution is briefly explained in the following.
In order to achieve an analytical solution, several simplifying assumption need to be introduced to the problem. Some of these assumptions include:
1. Plane strain condition is considered. The vertical compression associated with the yielding tensile strain within the bag could be derived via equilibrium equations in the horizontal and vertical directions (Fig. 8b and c) as expressed below:
where B and H are the width and height of a soilbag, respectively; l is the length of the bag; T is the bag tensile force; and subscript '0' represents the initial dimensions of a soilbag prior to loading.
The horizontal and vertical stresses can be linked via a passive earth pressure:
where for a granular soil with friction angle of / the passive earth pressure coefficient is given as:
In order to estimate the maximum vertical load which could be applied to a soilbag, the tensile force within the bag should be substituted by T = (r y ) bag Â t bag . For a soilbag with semi-circular boundaries, we have:
where L 0 and (V 0 ) are the initial perimeter and volume of that soilbag, respectively. Now, if the soilbag experiences a vertical deformation, d v , these components will change accordingly using the continuity equation: 
The tensile strain of the bag can then be calculated as:
The vertical displacement corresponding to the bag yield strain can then be derived by substituting the bag yield tensile strain with its limited value, (e y ) bag :
Based on these analytical solutions it could be found that the maximum vertical displacement of a soilbag is not a function of the bag thickness. The compression capacity of a soilbag would be equal to:
Compression capacity of an 80 Â 40 Â 10 cm soilbag under vertical compression is studied both numerically and analytically. A polyethylene bag with a thickness of 0.1 mm, a modulus of elasticity of 500 MPa, and a tensile yield stress of 100 MPa is modelled. The bag is filled with sand with a friction angle of 40°. Threedimensional model is used for numerical analysis of this soilbag. Analytical results report a vertical bearing capacity of 1185.6 kN and a maximum vertical displacement of 19 mm for this case, whereas the numerical model gives respective values of 1252.5 kN and 15.4 mm. Fig. 9a and b shows the variation of the vertical load capacity and maximum vertical deformation of this soilbag for a range of tensile yield stresses, respectively. As illustrated, both the compression and deformation capacities of this soilbag increase quite linearly in the analytical model with any increase in the yield stress of the bag. However, based on the numerical results, the vertical compression capacity and maximum vertical deformation of soilbags are found to reach a plateau for higher tensile strengths. This difference is mainly a result of simplifications inherent within the analytical solution. It should be borne in mind that the analytical solution is principally based on the yield tensile strength of a bag while the numerical results indicate that the load capacity of sandbags are highly proportional to the stiffness parameters and shear strength of the filling materials.
The effect of the bag thickness on the compression capacity and deformation capacity of soilbags is also investigated. Fig. 10a and b illustrates the variation of these parameters with the bag thickness. According to Eq. (14), the compression capacity of this soilbag would increase linearly with the thickness of the bag, but the numerical results show a completely different trend due to the assumptions inherent within the simplified analytical model as discussed previously. The numerical compression capacity is significantly less sensitive to the bag thickness. On the other hand, both analytical and numerical results demonstrate similar independency of the maximum vertical deformation of soilbags to the bag thickness as plotted in Fig. 10b . It should be noted that most commercially-produced bags have thicknesses ranging between 0.1 and 0.7 mm.
Mechanical behaviour of a soilbag under cyclic shear test
The numerical horizontal load-displacement relationship of a soilbag undergoing cyclic shear is shown in Fig. 11 . Local separation at the soil-bag interface during an arbitrary cyclic shear test is illustrated in Fig. 12 .
Application of soilbags as vibration-reducing structural elements necessitates a study on the energy absorption potential within a soilbag throughout a cyclic simple shear test. The energy balance equation of the entire soilbag under cyclic shear test can be written as:
and,
where E I is the internal energy; E V and E FD define the energies dissipated by damping and frictional contact mechanisms,
respectively; E W is the work done by the externally applied loads; and E E , E PD , and E VE represent elastic dissipated strain energy, inelastic dissipated energy, and visco-elasticity dissipated energy, respectively. The evolution of the different energy components in a soilbag assembly (with the friction coefficient of 0.84) while subjected to a cyclic shear test is presented in Fig. 13 . Evolution of frictional dissipation (E FD ) defines the fraction of the frictional work mainly converted to heat among contacting surfaces. Heat is instantaneously distributed among each of the contacting bodies by conduction and radiation since no heat capacity is considered for the contact interface.
In the coupled thermal-mechanical surface interactions, the rate of frictional energy dissipation is given by:
and
where s cr is the critical frictional stress, s 1 and s 2 are active shear stresses on the contacting surface, and _ c is the slip rate. The portion of this energy released as heat on master surface A and slave surface B would be:
where g is the fraction of dissipated energy converted to heat (ABA-QUS default value is 1.0), and f is the weighting factor which defines the distribution of heat between contacting bodies (= 0.5). for different friction coefficients between soil and bag interface. As illustrated, E FD increases with decreasing value of friction coefficient (l) as a result of the increase in the slip rate ( _ c). Conversely, the inelastic dissipation energy of a soilbag assembly demonstrates a completely different trend with any increase in the value of l (Fig. 14b) .
It is noticeable that the inelastic component of the energy, E PD , under cyclic loading would increase with any particular increase in the tangential friction of the soil-bag interface while predictably, the frictional part of the total-dissipated energy would decrease with similar variation in the frictional coefficient l. However, as illustrated in Fig. 15 , the evolution of the totally-dissipated energy of a soil-bag assemblage (E PD + E FD ) under cyclic loading is somewhat linear while its magnitude is rather independent of the value of friction coefficient of a soil-bag interface.
Conclusions
The mechanical behaviour of the assembly of a soilbag subject to vertical (compression) loading and horizontal cyclic shear loading has been studied numerically using FE analyses. Unlike previous studies, the current work has specifically taken into account the active contact kinematic constraints at the soil-bag interface. This presents significant FE modelling challenges but is essential if the real behaviour of a soilbag is to be captured. Large-deformation frictional contact between the granular material (sand) and the wrapping material (bag) is modelled using the master surface/slave surface penalty method formulation. Two and threedimensional models are presented in order to simulate the assemblage of the soilbag using the commercial finite element code 'ABAQUS' for its practical 3D mesh generation algorithms as well as its computational efficiency throughout large deformation contact mechanics simulations. To overcome the convergence difficulty, special care has been taken to ensure appropriate model discretisation and element type selection, and to ensure mesh dimensions as well as contact discretisation are adequate ( Table 1) .
The current study has shown that the stiffness and compression capacity of a soilbag assembly is considerably higher than an unwrapped granular material. Although previously presented analytical solutions are reasonable at approximating the deformation capacity of a soilbag under vertical compression, prediction of compressive load capacity of soilbags via these analytical solutions produces significant errors. Technically, these methods contain various simplifying assumptions such as neglecting the soil-bag interactions during vertical compression.
A brief study on the evolution of different energy components within the structure of a sandbag under horizontal cyclic loading indicated that though the magnitude of different energy components vary with the friction coefficient of a soil-bag interface, the variation of the total-dissipated energy with respect to the soilbag friction angle is rather insignificant. Fig. 15 . Evolution of total-dissipated energy of a soilbag under cyclic shear.
